Hypoxia events, or low dissolved oxygen (DO) conditions, occur frequently in North Carolina estuaries during the summer. These events may have harmful effects on important fish stocks, including spot (Leiostomus xanthurus) and Atlantic menhaden (Brevoortia tyrannus), but their consequences are not well understood. We investigated direct mortality due to hypoxia in juvenile spot and Atlantic menhaden to determine how the extent of mortality varies with the severity of hypoxia and the duration of exposure, and to explore how vulnerability to hypoxia changes across species, fish size, and temperature.
Introduction
Habitat loss is one of the primary threats to the sustainability of the nation's fisheries. Hypoxia contributes to habitat loss for fisheries resources by altering direct mortality and migration, reducing suitable habitats, changing food resources, increasing susceptibility to predation, and disrupting life cycles (Atwood et al., 1994) . Due to increased nutrient loading hypoxia is increasing in frequency, severity, and area both locally and globally (Diaz and Rosenberg, 1995; Rabalais, 2001; Eby and Crowder, 2002) .
Many factors complicate our ability to quantify the direct and indirect effects of abiotic conditions like dissolved oxygen (DO) concentration on fish populations. These include difficulties in detecting effects of individual stressors on fish populations, nonintuitive population responses due to complex habitat, community interactions, and sublethal and cumulative effects on population responses (Rose, 2000) . For example, the highest larval survival of the naked goby (Gobiosoma bosci) occurs at intermediate DO concentrations, rather than the highest concentrations (Rose, 2000) .
Much of North Carolina's extensive estuarine system is eutrophic and susceptible to habitat loss due to hypoxia. For example, hypoxia causes large portions of the Neuse River estuary to be unsuitable habitat for most fish at various times in the summer, possibly resulting in higher densities and increased competition in normoxic areas (Eby and Crowder, 2002) .
Estuaries most commonly experience bottom water hypoxia in deeper areas, but hypoxia intrusion into nearshore shallow waters occurs periodically due to winds and lateral tides causing upwelling of hypoxic bottom waters. Fish can become trapped in hypoxic waters if conditions change rapidly or if there is no escape route (Breitburg et al., 1997; Paerl et al., 1999) . In Chesapeake Bay, DO concentrations can change rapidly, with readings sometimes varying by 0.5 ppm or more over 15 min (Breitburg, 1992) .
The effects of estuarine hypoxia are especially important to consider as estuaries provide nursery habitats for many economically and ecologically important species (Mallin et al., 2000) . The primary objective of this research is to consider the mortality effects due to hypoxia on two juvenile estuary-dependent species, determining how the extent of mortality varies with the severity of hypoxia and the duration of exposure, and exploring how vulnerability to hypoxia changes across species, fish size, and temperature. Juvenile spot (Leiostomus xanthurus) and Atlantic menhaden (Brevoortia tyrannus) were selected as the experimental organisms for this study because they are ubiquitous in estuaries during the summer when hypoxia occurs. Spot and Atlantic menhaden larvae enter estuaries in the winter and spring and spend the juvenile phase of their lives in the estuaries before leaving in late summer or fall. These species differ in their usage of the estuaries as juvenile spot are benthic, grazing generalists and juvenile Atlantic menhaden are pelagic, schooling, filter feeders. The two species are also commercially important fish in North Carolina, with landings averaging over $5 million in recent years (NC DMF, 2004) , and are important members of the estuarine food web. Some work has previously been done on hypoxia tolerance of spot and Atlantic menhaden (Table 1) ; however, none of this work comprehensively describes hypoxia tolerance, relating mortality to hypoxia severity, exposure duration, fish size, and temperature.
A second objective of this research was to evaluate survival analyses, or time-to-event methods, for analyzing mortality data in comparison to more commonly used concentration-effect methods. Burton et al. (1980) performed the most comprehensive dissolved oxygen mortality studies for spot and Atlantic menhaden (Table 1) , expressing mortality in terms of LC 50 estimates (concentrations causing 50% mortality). LC 50 estimates are statistically reliable, with the narrowest 95% confidence interval along the dose-response curve (Newman and Dixon, 1996) . Therefore they generate uniform and well-defined statistical information on which to base regulatory decisions (Newman and Aplin, 1992) . However, this approach can be risky because the standards generated are based on DO concentrations that are lethal to fish, and are thus of questionable safety in protecting fish populations (Seager et al., 2000) .
Confidence in concentration-effect estimates decreases away from the LC 50 , so effective model selection is important at more ecologically relevant levels of a substance that cause less than 50% mortality, as concentration-effect methods may no longer be the most statistically reliable choice (Newman and Dixon, 1996) . Concentration-effect methods also provide little or no information about covariates (e.g., mass, temperature), as they are seldom incorporated and are often intentionally minimized. These actions enhance the precision of an LC 50 estimate but limit predictive ability about the effects to individuals in the field, as these individuals do exhibit and experience natural variation (Newman and Aplin, 1992) . LC 50 estimates also have a limited ability to predict toxicity over time as an LC 50 must be estimated at a series of times to gain information about multiple exposure durations. Despite the limitations of concentration-effect methods like the LC 50 , these methods are the predominant form of analysis in aquatic toxicology, and are so ingrained into the regulatory framework that the merits of other approaches are often not considered critically (Newman and Dixon, 1996) .
Survival analysis is used extensively in other fields including epidemiology, clinical medicine, and engineering (Dixon and Newman, 1991) . Compared to concentration-effect approaches survival analysis increases statistical power because more data are collected, with time-to-effect (i.e., death) of every individual being noted (Newman and Aplin, 1992) . The focus of survival analysis on time-response rather than dose-response increases the precision of estimates at mortality percentages of less than 50% (Newman and Dixon, 1996) and allows for description of survivorship patterns at all exposure times instead of only one exposure time (Dixon and Newman, 1991) . Covariates are more easily included in survival analysis due to its enhanced statistical power compared to concentration-effect methods (Newman and Dixon, 1996) . Inclusion of covariates allows survival analysis to examine the potential effects of different environmental conditions or organism characteristics on acute toxicity (Dixon and Newman, 1991) , and thus provides more ecologically meaningful estimates of lethal effect than concentration-effect methods (Newman and Dixon, 1996) . All of these factors may enhance our ability to predict field effects on fish populations (Newman and McCloskey, 1996) . Table 1 Summary of observed tolerances to hypoxia for Atlantic menhaden and spot (LC 05 = concentration causing 5% mortality; LC 50 = concentration causing 50% mortality)
Species
Information Source
Atlantic menhaden (Brevoortia tyrannus)
Oxygen reduction rates had no effect on absolute oxygen concentration causing death (~0.4 ppm O 2 ), although faster reduction resulted in faster time to death (Burton et al., 1980) 2 (Schwartz et al., 1981 ) Avoidance threshold of 2.3 ppm O 2 from field data (Eby and Crowder, 2002) 2. Methods
Species collection and maintenance
Both species were collected from inshore estuarine areas around Beaufort, North Carolina. Juvenile Atlantic menhaden were collected using a cast net, and juvenile spot were collected using a beam trawl or otter trawl. Both species were held in outdoor tanks, with Atlantic menhaden in circular tanks, at 15 ppt salinity and approximately a 14-h light : 10-h dark photoperiod at normoxia (~7 ppm O 2 ). Temperatures in the outdoor tanks ranged from 23 to 29 8C. Atlantic menhaden were fed ad libitum with finely ground commercial fish food and spot were fed ad libitum with pelleted commercial fish food.
Due to the limited availability of wild spot we used fish hatched and reared in the lab to supply 1/3 of the spot for all of the trials at 30 8C and for the 25 8C trial at 1.2 ppm O 2 . Hatchery spot were reared at the NOAA Laboratory in Beaufort, NC and held in an indoor tank at the same conditions as the wild fish. The average size of the hatchery spot was 47.8 mm standard length (SL), while the average size of the wild spot was 65.9 mm SL.
Mortality trials
Lethal hypoxia tolerance of spot and Atlantic menhaden was determined through a probability of mortality study conducted at 15 ppt salinity and at two temperatures, 25 and 30 8C, representing typical summertime estuary conditions. Each species underwent trials at both temperatures and at three different levels of hypoxia, 0.6, 0.9, and 1.2 ppm O 2 . Each trial used about 150 fish per treatment, a sample size determined by modeling confidence in survival time estimates at different DO concentrations and sample sizes using preliminary data from trials with pinfish (Lagodon rhomboides) (B. Miller and J. Rice, unpublished data) using Analytica for Windows Version 2.0. Thirty additional fish were used as controls for each treatment.
An additional trial was run to test the effects of acclimation to hypoxia on mortality response. In this trial we tested the tolerance of both Atlantic menhaden and spot to 0.6 ppm O 2 at 25 8C, following a 24-h acclimation to 1.2 ppm O 2 .
Fish were acclimated outdoors to most experimental conditions, including the photoperiod and salinity, for a minimum of 1 week. Fish were then acclimated to the experimental setup, 12 62-L recirculating tanks, at normoxia to minimize handling effects and to acclimate to the experimental temperature. About 30 fish were placed in each tank, allowing for two treatments to be tested at one time. For 25 8C experiments there was a 24-h acclimation period, and for 30 8C trials there was a 48-h acclimation period. Fish were deprived of food beginning 24 h prior to the experimental period to avoid effects of digestion on the metabolism of the fish (Durbin et al., 1981) .
After acclimation the DO treatments were started in 10 of the 12 tanks, with the remaining two normoxic tanks serving as the control for non-hypoxia related mortality. Water recirculation was stopped and the tanks were static for the duration of the experiment. DO levels were reached by bubbling N 2 directly into the tanks, a process taking about 1 h. We considered this an appropriate rate because previous research showed that the rate of DO reduction Atlantic menhaden are exposed to does not affect the absolute DO concentration causing death (Burton et al., 1980) . DO levels were maintained by bubbling N 2 or air into the tanks as necessary. The tank surfaces were covered with lids made of Styrofoam and plastic sheeting to minimize oxygen diffusion. DO measurements were taken in different areas of the tanks prior to the experiments to test for variability within the tank and DO concentrations were found to be consistent throughout. During each trial, DO levels were monitored with a YSI Model 52 DO meter probe every 15 min for the first 6 h and every 30 min thereafter. Probe measurements were calibrated using the air calibration method. Using the calculations provided in the YSI Model 52 Dissolved Oxygen Meter Operations Manual (1998), we estimated measurement error associated with the instrument components, probe accuracy, and calibration of the DO probe to be F 0.01 ppm O 2 at 25 8C and F 0.03 ppm O 2 at 30 8C.
The tanks were continuously monitored, and the time of death was recorded for each fish. Upon death, each fish was removed from the tank, weighed and measured, so that size could be used as a covariate in the analysis. The trials were terminated after 24 h, and any remaining live fish were weighed and measured. A 24-h experimental period was appropriate as Sprague's (1969) collection of LC 50 estimates shows that lethal thresholds for static tests are often evident within 1 day, although he also recommended that tests should continue until the shape of the toxicity curve is well established.
There were a few exceptions to the 24-h experimental period. The spot and Atlantic menhaden experiments at 25 8C and 0.9 ppm O 2 were ended after 12 h due to widely fluctuating DO concentrations after that point. Also, three tanks in the Atlantic menhaden experiment at 30 8C and 1.2 ppm O 2 were ended at 17 h and 40 min because DO concentrations in these tanks dropped severely.
Data analysis
SAS Version 8.2 was used for all data analysis. Only fish exposed to hypoxic conditions were used in the data analysis. Any trial fish remaining alive after the experimental period were right censored, meaning only data on minimum survival time were analyzed. Fish from different tanks were pooled for treatment analysis as separate tanks were used solely to facilitate data collection and Kaplan-Meier analysis found no consistent tank effect among the experiments.
Data were modeled using the Cox regression method, a semiparametric proportional hazards model. In the Cox regression model, each individual's survival time is assumed to have its own hazard function
where h o (t) is an arbitrary and unspecified baseline hazard function, z i is the vector of measured explanatory variables for the ith individual, and b is the vector of unknown regression parameters associated with the explanatory variables, which is assumed to be the same for all individuals (SAS OnlineDoc V8, 1999) . The partial likelihood function (Cox, 1972 (Cox, , 1975 estimates b, eliminating the unknown baseline hazard h o (t) and accounting for censored survival times.
The survivor function is
is the baseline survivor function (SAS OnlineDoc V8, 1999 ). First, we tested the assumption that hazards are proportional between species by plotting the log (À log) survivor functions for each species. The functions were not parallel, indicating that hazards are not proportional between species. Therefore, separate models were generated for Atlantic menhaden and spot and the following explanatory variables were included in each model: actual DO concentration each fish experienced until its death or censoring, fish weight, and water temperature.
Tied data were handled by assuming tied event times occurred before censored times of the same value or larger values and then calculating the exact conditional probability (SAS OnlineDoc V8, 1999) . This method was used because there were a large number of tied data, and the default method, Breslow's approximation, can be very poor when the data are heavily tied (Allison, 1995) .
Akaike's information criterion (AIC) was used to select the models with the best fit, or smallest AIC value. Ultimately, the Atlantic menhaden and spot models that were chosen included only the three main effects of DO, temperature, and weight. While the AIC values for these models, 5301 for Atlantic menhaden and 5536 for spot, were slightly higher than some more complex models, their simplicity and the ability to use comparable models for both species was beneficial. The log (À log) survival distribution function was plotted against the log of Cox-Snell residuals as an additional check on model fit (Collett, 1994) .
Cumulative hazard functions were plotted for each species' model to see how the hazard changed over time. The À log of survivor function estimates (SFE) corresponding to the means of the explanatory variables was plotted against time. For spot, this was equivalent to a 5.82 g fish exposed to 0.93 ppm O 2 at 27.5 8C and for Atlantic menhaden, this was equivalent to a 5.99 g fish exposed to 0.91 ppm O 2 at 27.6 8C.
LC 50 values of lethal hypoxic levels were calculated for each species-temperature combination tested, at 12 and 24 h, using probit analysis (Newman, 1995) . DO concentrations were log 10 transformed for this analysis. An empirical transformation of the data was necessary to avoid infinite parameter estimates in the probit analysis, so 1/2 success and 1/2 failure were added to each data point (McCullagh and Nelder, 1989) . The convergence of the algorithm for the 12-h spot dataset at 25 8C was questionable, so the LC 50 estimate from this analysis is not reported. Treatment differences were also investigated using probit analysis.
The mortality response to hypoxia was estimated using the nonparametric Kaplan-Meier method of estimating survivor functions for all experiments, including the acclimation experiment. For all data that do not contain censoring or are only censored at one time after all observed event times, the Kaplan-Meier estimator equals the proportion of observations with event times N t. However, when censored times are less than some event times, those censored individuals could have died before later event times, and the proportion of observations with event times N t could be biased downward if the Kaplan-Meier estimator is not used to take this into account (Allison, 1995) . This procedure generated estimated survival probabilities and 95% confidence intervals for each treatment tested.
Results
Each treatment DO concentration closely matched the target concentration and was held to an acceptable level and variability within each treatment (Table 2) , with 90% of DO measurements being within 0.2 ppm of the target concentration. The control fish, held at normoxia but exposed to all other treatment conditions, experienced only 0.67% mortality (2 fish died) indicating that mortality observed in the hypoxic treatments was due to the low DO concentration and not other stressors.
LC 50 analysis
While most treatments ran the entire 24-h experimental period, three contained some data that had to be censored between 12 and 24 h, so LC 50 analysis was performed at 12 h as well as 24 h for each experiment to obtain estimates from a time encompassed by all experiments. The 12-h LC 50 estimate for spot at 25 8C could not be determined accurately because mortality only occurred at two DO levels, so it was not included. Results were similar for both 12-and 24-h analyses, supporting the observation that the majority of mortality occurred during the first few hours of hypoxic exposure. Therefore, only 12-h results are reported because they represent the experimental period covered in all trials. Each treatment for which an LC 50 was generated was significantly different ( P b 0.05) from the other treatments. Atlantic menhaden were more tolerant of low DO at 25 8C (12-h LC 50 DO concentration = 0.89 F 0.02, 95% CI) than at 30 8C (12-h LC 50 DO concentration = 1.04 F 0.03, 95% CI) and both those treatments showed a less severe response than spot at 30 8C (12-h LC 50 DO concentration = 1.10 F 0.02, 95% CI).
Survival analysis
For both Atlantic menhaden and spot, hazard decreases with time ( Fig. 1) , indicating that the mor- tality rate is higher near the beginning of the experiments than at the end, which was the observed trend during the experiments. DO, temperature, and fish weight all had significant effects on the hazard function for both Atlantic menhaden and spot (Table 3 ). The nature of these effects is indicated by their hazards ratios; if the hazards ratio of a variable is N 1, an increase in the variable increases the hazard rate, and if the hazards ratio is b 1, an increase in the variable decreases the hazard rate (SAS OnlineDoc V8, 1999). For both species hazard decreased with increasing DO, but increased with increasing temperature. However, the effect of weight was different for the two species; hazard increased with increasing weight for Atlantic menhaden, but decreased with increasing weight for spot.
The hazard ratio for each covariate can be roughly interpreted as a measure of relative risk (Table 3 ). All of the covariates in the models for both species are quantitative (i.e., no categorical covariates), so the estimated percent change in the hazard for a 1-unit increase in a covariate can be obtained by subtracting 1 from the hazard ratio and multiplying by 100 (Allison, 1995) . Thus, for each gram an Atlantic menhaden increases in weight the mortality hazard increases by 8.3% (i.e., [1.083 À 1] d 100), whereas a similar increase in weight for spot results in a 4.5% decrease in the mortality hazard. With every 1 8C increase in temperature, hazard increases 23.9% for Atlantic menhaden and 10.9% for spot. Of all three variables, DO has the greatest effect on mortality hazard; an increase in DO concentration of 0.1 ppm reduces hazard about 48% for both Atlantic menhaden and spot.
We used the Cox regression models to generate response surfaces showing how probability of survival (Table 4) .
varies as a function of DO concentration and exposure time for Atlantic menhaden and spot at 25 and 30 8C (Fig. 2) . Weight was held constant for each surface by using the mean weights for each species (Table 4) . The same general trend is evident across all the response surfaces with probability of survival decreasing sharply over the first few hours and flattening out towards the end of the experimental period, with the entire range of survival being encompassed in a very narrow DO range from about 0.5 to 1.5 ppm. Generally, at any given combination of time and DO concentration, probability of survival is lower at 30 8C than at 25 8C and higher for Atlantic menhaden than for spot.
We selected the most appropriate models using AIC as a measure of model fit. The residual plot of the log (À log) survival distribution function against the log of Cox-Snell residuals provided an additional check on model fit, and both speciesT models produced an approximately straight line consistent with good model fit (Collett, 1994) . Finally, the chosen models were visually compared to Kaplan-Meier survivor functions to assess the fit of the Cox regression model (Fig. 3) . Again, mean weights for each species at each temperature were used. The Cox regression model appears to be an unbiased estimator of survival probability and fits fairly well for Atlantic menhaden at 25 and 30 8C and for spot at 30 8C further supporting the suitability of the selected models. However, it did not fit as well for spot at 25 8C where we were also unable to get an LC 50 estimate.
Because the two species were modeled separately, there is no hazard ratio to indicate the species effect on survival. Therefore, we graphed Atlantic menhaden and spot survival probabilities from each model together to visually compare them at 25 and 30 8C. At every temperature and DO concentration, Atlantic menhaden showed either a higher percent survival after 24 h or a longer time to 100% mortality than spot (Fig. 4) . At 25 8C and 0.6 ppm O 2 , survival was predicted to drop to below 3% after 2 h for spot and after 5 h for Atlantic menhaden. At 25 8C and 0.9 ppm O 2 , predicted Atlantic menhaden survival was 51% after 24 h while predicted spot survival was only 12%, and after 24 h at 1.2 ppm O 2 , predicted survival was 91% for Atlantic menhaden and 74% for spot. A similar pattern is evident at 30 8C, although the effect is much smaller at 0.9 ppm O 2 , as after 24 h predicted survival was 14% for Atlantic menhaden and 3% for spot. These data indicate that spot consistently exhibited a more severe mortality response to hypoxia than did Atlantic menhaden.
To better evaluate the effect of temperature on survival of each species we graphed predicted survival probabilities at 25 and 30 8C for the mean size of each species at each experimental DO level (Fig.  5) . At every DO level, survival was higher at 25 8C than at 30 8C for both species. After 24 h at 25 8C and 0.9 ppm O 2, absolute predicted survival for Atlantic menhaden was 37% greater than at 30 8C. The difference was less pronounced at both higher and lower DO levels. At 1.2 ppm O 2 , absolute survival was 15% greater at 25 8C than at 30 8C and at 0.6 ppm O 2 there was still 0.008% predicted survival after 24 h at 25 8C while survival was predicted to decline to 0 after 14 h at 30 8C. For spot, the temperature effect was more consistent across DO levels. After 24 h at 25 8C and 0.9 ppm O 2 , absolute predicted survival was 9% greater than at 30 8C, while at 1.2 ppm O 2 absolute survival was 13% greater at 25 8C than at 30 8C. At 0.6 ppm O 2 and 25 8C, predicted survival declined to 0 after 13 h, while at 30 8C survival was predicted to decline to 0 after 3 h. Both Atlantic menhaden and spot exhibited a more severe mortality response due to hypoxia at 30 8C than at 25 8C, although this difference was slightly more pronounced for Atlantic menhaden. Similarly, we examined weight effects by graphing predicted survival probabilities for each species at 25 and 30 8C with DO concentration held constant at the mid-range treatment level of 0.9 ppm (Fig. 6) . Smaller Atlantic menhaden were consistently more tolerant to hypoxia than larger fish, although this effect was relatively small over the narrow range of sizes used in this study, with predicted survivals being 8-9% greater for fish at the 10th weight percentile than fish at the 90th weight percentile at both 25 and 30 8C. Spot exhibited the converse effect; smaller fish were less tolerant to hypoxia than larger fish, although this effect was also relatively small with predicted survivals being 2-5% less for fish at the 10th weight percentile than fish at the 90th weight percentile at both 25 and 30 8C. While the absolute effect of weight on survival was constant throughout the experiments, the relative effect of weight on predicted survival grew quite large when total survival was low. 
Effects of acclimation
A 24-h acclimation to sublethal hypoxic levels of 1.2 ppm O 2 significantly increased survival time of Atlantic menhaden and spot at 25 8C when they were subsequently exposed to 0.6 ppm O 2 (Log-rank statistic: P b 0.0001). While the acclimation experiment ran for only 3 h due to logistical constraints, this time period appeared to be sufficient as it encompassed substantial effects. After 3 h, cumulative mortality for acclimated spot and menhaden was 7-20%, while cumulative mortality for spot and menhaden that went from normoxia directly to 0.6 ppm O 2 within 1 h was 90-100% after 3 h (Fig. 7) .
Discussion

Analysis approach
By simply making more frequent observations of mortality we were able to conduct both LC 50 and Cox regression survival analyses, thus capturing the benefits of both approaches. Survival analysis can generate better survivorship estimates than the LC 50 approach near complete mortality and complete survival (Newman and Dixon, 1996) , as illustrated by the 12-h 5% mortality estimates obtained from both models for these data. The LC 05 estimates and survival analysis estimates differed by as much as 0.20 ppm O 2 , and the confidence intervals widened from a maximum of 0.06 ppm O 2 for LC 50 estimates to a maximum of 0.19 ppm O 2 for LC 05 estimates, indicating that the suitability of the concentration-effect approach for making survivorship predictions decreases as mortality diverges from 50%. Yet survival analysis does not detract from estimates of 50% mortality, generating similar estimates as the LC 50 approach; the 12-h estimates for the LC 50 and for 50% mortality using survival analysis differed by no more than 0.04 ppm O 2 , indicating that either model can produce estimates that are easily comparable with the existing literature (Sprague, 1969; Newman and Aplin, 1992) . Furthermore, survival analysis can be implemented using common statistical software packages such as SAS and S-plus (Dixon and Newman, 1991) .
A survival analysis approach may also make an analysis possible when the mortality agent causes such an acute response that it is difficult to derive precise LC 50 estimates due to a narrow range of effect that is difficult to subdivide. For example, in our experiments the entire range of effect was encompassed within a range of about 1 ppm O 2 . A precise LC 50 estimate would require at least five discrete test concentrations within this range and we only used three concentrations. The variability in our DO measurements suggests that while the three concentrations tested were sufficiently separated (Table 2) , further subdivision within this range of DO concentrations would probably not have yielded distinctly different DO treatments. We used a simple, inexpensive method of controlling DO concentrations by bubbling N 2 into the tanks; a more complex, possibly computerized method would likely be necessary to refine the variability in DO concentrations adequately to allow for testing of more DO concentrations within this narrow range.
Another benefit of using survival analysis is it allows for easy incorporation of covariates, such as the size covariate included in our analyses. Covariate incorporation can be limited in LC 50 analysis because LC 50 test protocols often attempt to minimize differences in test subjects to enhance the precision of the estimates, a technique that actually reduces the predictive power of estimates for field populations (Newman and Aplin, 1992) . Also, to test a size effect using an LC 50 , size groupings of interest would have to be determined, and more experiments would have to be performed because an LC 50 for each size class of interest would be needed and the effect would be estimated by comparing those estimates. Survival analysis allows for covariate analysis within an experiment, which is preferable because the number of trials and number of organisms required to find out the information of interest is minimized and size can more aptly be treated as a continuous variable, rather than as arbitrary discrete groupings. Survival analysis also provides more ecologically relevant information by generating continuous estimates of mortality over the full range of the treatment variable. Survival analysis generates survivor and hazard functions which describe survivorship at all times during the experiment, unlike LC 50 analysis which only generates survivorship information about discrete, predefined exposure times. Furthermore, experiments conducted according to the traditional LC 50 protocol can be evaluated using survival analysis by simply noting time-to-death of each individual during testing, so survival analysis need not detract from the LC 50 measurements of interest and can provide enhanced data interpretation. Therefore, it is advantageous to generate survivor and hazard functions when analyzing mortality data, as the scope of an experiment can be expanded from one dealing with toxicological risk to one also addressing ecological risk.
Hypoxia tolerance
These experiments investigated the mortality effects due to hypoxia on two juvenile estuary-dependent species, exploring how vulnerability to hypoxia changes across species, temperature, and fish size, and determining how the extent of mortality varies with the severity of hypoxia and the duration of exposure. Atlantic menhaden were more tolerant to hypoxia than spot and both species were more tolerant to hypoxia at 25 8C than at 30 8C. Size also had an effect on hypoxia tolerance although it differed between species, with smaller Atlantic menhaden being more tolerant and smaller spot being less tolerant. A small experiment suggested that acclimation to sublethal hypoxia levels increases hypoxia tolerance of both species. Regardless of covariate effects, mortality due to hypoxia occurred in a very narrow DO range and at very low DO levels.
We expected that spot, a benthic species, might be more tolerant of hypoxia than Atlantic menhaden, a pelagic species. Breitburg (1994) found that naked gobies, a benthic species, did not show escape responses until DO dropped below 0.75 ppm and adult male naked gobies experienced 100% survival when exposed to 0.7 ppm O 2 for 7 h each day for 7 days whereas adult bay anchovies (Anchoa mitchilli), a water column species, were less tolerant to low DO with an estimated 96-h LC 50 value of 1.85 ppm O 2 . However, in our experiments, spot consistently exhibited a more severe mortality response to hypoxia than Atlantic menhaden (Fig. 4) . Information on more species will be needed to determine if benthic and pelagic species typically differ in their hypoxia tolerance. Burton et al. (1980) found that spot were more tolerant to hypoxia than Atlantic menhaden, estimating the 24-h LC 50 of spot at 0.67 ppm O 2 and of Atlantic menhaden at 0.88 ppm O 2 . The discrepancy between these findings and those from our experiments may be attributable to different conditions and fish sizes used in the two experiments. While the temperature, photoperiod, and spot size were similar in the two studies, we used a higher salinity (15 ppt compared to 6.9 ppt) and much smaller menhaden (mean F 1 S.D. = 5.99 F 2.70 g compared to 18.1 F 3.9 g) than Burton et al. (1980) . Although the size range of menhaden we used was limited (Table 4) , our data suggest that larger menhaden are more vulnerable to hypoxia, a trend that may explain the difference in results from these two studies.
Atlantic menhaden are generally thought to be very susceptible to hypoxia. This presumption is supported by the North Carolina Division of Water Quality fish kill database, which shows that Atlantic menhaden comprise a large percentage of fish kills in the estuaries presumed attributable to hypoxia. However, this is not true of all fish kill events; during the summer of 2003 there were at least two large fish kills caused by hypoxia in the Neuse River that were predominantly spot (NC DWQ, 2003) . Atlantic menhaden may be particularly susceptible to hypoxia because they aggregate in phytoplankton-rich areas, the areas most likely to experience hypoxia events (Paerl et al., 1999) . However, the congregation of menhaden in areas likely to have low DO concentrations combined with their dense schooling behavior that is likely to further lower DO levels in the immediate area may have the opposite effect, increasing Atlantic menhaden's tolerance to hypoxia due to acclimation.
Both spot and Atlantic menhaden displayed a more severe mortality response to hypoxia at 30 8C than at 25 8C (Fig. 5 ). The two temperatures tested, 25 and 30 8C, are within the range of temperatures both Atlantic menhaden and spot are likely to experience during summer in North Carolina estuaries.
The literature shows either no effect of temperature on hypoxia tolerance of fishes or decreasing tolerance with increasing temperature. Southern flounder (Paralichthys lethostigma) did not exhibit differing sensitivity to DO at 6.1 8C, 14.4 8C, or 25.3 8C, with fish totally withdrawing from the hypoxic region to welloxygenated waters at 0.68-1.09 mL/L O 2 (Deubler and Posner, 1963) . In lethal hypoxia experiments on Atlantic cod (Gadus morhua), temperature did not affect hypoxia tolerance, possibly because the temperature range (2-6 8C) was not sufficient to show such effects (Plante et al., 1998) .
Other experiments showed that increasing temperature decreased hypoxia tolerance, a finding consistent with our results. For Atlantic cod, 50% mortality occurred at 0.5 ppm O 2 at 5 8C and at 2.3 ppm O 2 at 17 8C (Schurmann and Steffensen, 1992) . Juvenile Atlantic sturgeon (Acipenser oxyrinchus) held at 3 ppm O 2 for 3 days experienced 22% mortality at 19 8C and 92% mortality at 26 8C (Secor and Gunderson, 1998) . It makes sense that hypoxia tolerance would decrease as temperature increases because higher temperatures increase the metabolic rates of fish, thus increasing oxygen requirements (Breitburg, 2002) .
Weight had a significant effect on hypoxia tolerance, with Atlantic menhaden showing a decreasing tolerance to hypoxia as fish weight increased and spot exhibiting the opposite effect, showing an increasing tolerance to hypoxia as fish weight increased (Fig. 6) . Over the narrow range of fish sizes used in these experiments (Table 4) the weight effect accounted for only a 2-9% difference in survival probabilities between the 10th and 90th weight percentiles for both species. Obviously weight effects may be much more pronounced over a wider size range. However, even over the narrow size range we used this small absolute difference translated into a large relative difference between survival of the 10th and 90th weight percentiles after 24 h, with about a 50% difference in total survival for all experiments except Atlantic menhaden at 25 8C.
Weight effects on hypoxia tolerance reported in the literature are mixed. One idea is that larger fish typically use more oxygen per hour than smaller fish (Moyle and Cech, 2000) , so larger fish may be more susceptible to hypoxia. These observations match our findings for Atlantic menhaden, as larger fish were consistently less tolerant to hypoxia than smaller fish. The greater susceptibility to hypoxia by larger fish is supported by observations of larger fish showing stress while smaller fish exhibit no response in hypoxic waters (Hunn and Schnick, 1990) and juvenile brown shrimp (Penaeus aztecus) (1.37 g) having significantly lower lethal DO levels than sub-adult brown shrimp (6.12 g) (Kramer, 1975) .
However, we observed the converse effect for spot, where smaller fish were consistently less tolerant to hypoxia than larger fish. There are also instances of this effect reported in the literature. Shephard (1955) found that small brook trout (Salvelinus fontinalis) died more quickly in hypoxia than large brook trout. Other studies have found no correlation between size and resistance time to hypoxia in cutthroat trout (Oncorhynchus clarki) (Wagner et al., 2001) , rainbow trout (Oncorhynchus mykiss), or perch (Perca fluviatilis) (Alabaster et al., 1957) . The variation in reported findings in the literature and the differences we found in size effects for spot and Atlantic menhaden suggest that fish size can have an effect on hypoxia tolerance, but that the effect may be species-specific.
Fish size could still impact mortality indirectly in species for which size does not appear to have a direct effect on hypoxia tolerance. Fish swimming speeds typically scale with body size so size may affect a fish's ability to escape hypoxic areas. For example, in the Chesapeake Bay many large juvenile and adult naked gobies survived hypoxic intrusions by temporarily migrating inshore while these sudden hypoxic events caused almost complete mortality in younger juveniles (Breitburg, 1992) .
Fish acclimated for 24 h to sublethal hypoxic levels before being exposed to 0.6 ppm O 2 exhibited a striking increase in survival compared to fish experiencing DO dropping from normoxia to 0.6 ppm O 2 in 1 h. With acclimation, survival after 3 h was 80-95% compared to 0-10% without acclimation (Fig. 7) . Most of our experiments were not testing for acclimation effects; however, during our 24-h trials over 90% of the mortality occurred within the first 5 h of the experiment. A similar trend was evident in Magaud et al.'s (1997) 24-h mortality trials exposing juvenile rainbow trout to varying levels of hypoxia. Fish either died within the first few hours of treatment or did not die during the experimental period, which the authors suggested might be due to the acclimation of the trout to hypoxia.
The mechanism for this rapid acclimation to hypoxia is uncertain. However fishes exhibit several responses to acute hypoxia that can help compensate for reduced oxygen availability. In addition to increased ventilation rate (Wannamaker and Rice, 2000) , hematocrit and hemoglobin concentration are known to quickly increase in response to hypoxia in many fish species, including menhaden (e.g., Hall et al., 1926; Yamamoto et al., 1983; Van Ginneken et al., 1998) , increasing the oxygen-carrying capacity of the blood. The spleen of some teleosts serves as a potent blood storage organ, storing blood cells under resting conditions and releasing them into the circulating blood via contraction of the spleen during hypoxia (Hall, 1928; Yamamoto et al., 1983; Kitta and Itazawa, 1990; Wells and Weber, 1990) . Loss of water from the blood into the tissues can also substantially increase hematocrit (Hall et al., 1926; Yamamoto et al., 1983) in response to hypoxia. Both these changes occur in less than an hour in response to acute hypoxia.
Acclimating fish may also modify their behavior to conserve energy while being subjected to oxygen stress (Davis, 1975) . However, we observed no differences in behavior of either spot or Atlantic menhaden as a function of hypoxia exposure. Brief, acute exposures to severe hypoxia may have an effect on anaerobic capabilities, whereas chronic exposure to mild hypoxia may allow acclimation of aerobic processes (Heath, 1995) .
The evidence for acclimation responses to hypoxia in fish varies considerably. Davis (1975) stated that there were many indications of fish acclimating somewhat to decreased DO levels. Shephard (1955) found that acclimation increased resistance times five-fold in fish exposed to lethal DO levels. In three species of freshwater fish, resistance to hypoxia increased when fish were acclimated to low DO levels over 11 to 15 days as compared to when oxygen dropped in 1-2 h (Moss and Scott, 1961) . However, in young striped bass (Morone saxatilis), there was little difference in resistance between fish exposed to decreasing oxygen concentrations over 24 h and fish exposed to sudden low DO concentrations (Dorfman and Westman, 1970 ). An extended repeat-exposure study with rainbow trout also showed no evidence of acclimation to hypoxia exposure (Seager et al., 2000) . These studies suggest that while acclimation to hypoxia may occur for some fish species, the magnitude and nature of the response may be species-specific.
Most DO tolerance experiments with fish have found that the range over which DO concentrations affect survival is very narrow. In our experiments at 25 8C, the difference in DO concentrations causing 0 and 100% mortality was only 0.6 ppm O 2 (0.6 to 1.2 ppm O 2 ). In tests on eight different fish species, Downing and Merkens (1957) found that the difference between DO concentrations causing 100% mortality and allowing 100% survival was around 0.5 ppm O 2 . Rainbow trout exhibited 100% mortality at 1.7 ppm O 2 and 100% survival at 2.3 ppm O 2 (Magaud, 1993) . The narrow range between complete mortality and survival in rainbow trout was reaffirmed by Seager et al. (2000) , who found that range to be at most 1 ppm O 2 .
Significant mortality due to hypoxia does not occur in fish until very low DO concentrations are reached. In our experiments, most of the mortality of both spot and Atlantic menhaden occurred at severely hypoxic DO concentrations of b 1 ppm O 2 . For less tolerant species like cutthroat trout, significant mortality has been reported to occur at about 2 ppm O 2 (Wagner et al., 2001) , while for very tolerant species like roach (Rutilus rutilus) significant mortality may not occur until levels drop below 0.5 ppm O 2 (Seager et al., 2000) .
In our experiments DO concentrations were dropped from normoxia to the treatment hypoxia concentration in about 1 h. We did not have the resources to treat DO reduction rate as a variable, however Burton et al. (1980) found that the mean lethal concentration for Atlantic menhaden was independent of the DO reduction rate (though it may change time to mortality). Rapid DO reduction also simulates the field conditions likely to cause mortality, as direct mortality is most likely to occur in the field when DO concentrations decrease very rapidly and fish are cornered or other conditions confuse escape behavior (Breitburg, 2002) . DO concentrations can drop quickly in the summer; Breitburg (1990) noted decreases of 6 ppm in 4 h and 1 ppm in 14 min in Chesapeake Bay.
Conclusions
Our results suggest that direct effects of hypoxia are not likely a major source of mortality for juvenile spot and Atlantic menhaden. While hypoxic conditions can be spatially and temporally pervasive in estuaries in the summer, they are typically constrained to the bottom waters, often leaving well-oxygenated habitat available in which fish can survive. Direct effects of hypoxia may be reduced due to the ability of fish to avoid hypoxic areas. Field studies find much lower fish densities when DO is b2 ppm (Schwartz et al., 1981; Pihl et al., 1991; Howell and Simpson, 1994; Eby and Crowder, 2002) . Eby and Crowder (2002) found the presence-absence threshold in the Neuse River Estuary to be 2.3 ppm O 2 for spot and 2.6 ppm O 2 for Atlantic menhaden, significantly higher than the DO concentrations we found necessary to cause mortality in either species, suggesting that both Atlantic menhaden and spot will usually avoid areas with hypoxic concentrations severe enough to cause mortality. Laboratory trials support the ability of fish to avoid hypoxia, as many species including juvenile spot and Atlantic menhaden, avoided 1 ppm O 2 (Wannamaker and Rice, 2000) and Southern flounder began to choose well-oxygenated water at 3.7 mL/L O 2 (Deubler and Posner, 1963) . The typical availability of well-oxygenated habitat to use as a refuge suggests that direct effects of hypoxia may not be a significant source of mortality for many estuarine species.
Sublethal effects of hypoxia are potentially greater than the direct effects. Fish generally feed less when in hypoxic conditions (Kramer, 1987) , which can lead to decreased growth rate. Laboratory studies found that growth and food consumption increased as DO concentrations increased (Stewart et al., 1967; Whitworth, 1968; Bejda et al., 1992; McNatt and Rice, 2004) . Field studies find reduced fish size and biomass in hypoxic areas (Howell and Simpson, 1994) , suggesting that reduced growth may be caused by hypoxic stress. Long-term (12-week) hypoxia exposure to 1 ppm O 2 impaired reproduction in the common carp (Cyprinus carpio) (Wu et al., 2003) . Hypoxia may increase competition or predation risk due to compressed habitat, increased species overlap, and resulting increased vulnerability and encounter rates (Breitburg et al., 1999; Eby and Crowder, 2002) .
The eutrophication that causes many hypoxic events may actually increase productivity enough to more than offset any diminished abundance caused by hypoxia (Breitburg, 2002) . However, productivity benefits likely cease at some point and are replaced with environmental problems that cause decreases in landings quantity or quality . A full understanding of the effects of hypoxia on fish populations will require an approach that integrates lethal and sublethal effects, direct and indirect effects, and fish behavior.
